One contribution of 9 to a Theo Murphy meeting issue 'Bridging the gap: from massive stars to supernovae' . It is now well-established from pre-explosion imaging that red supergiants (RSGs) are the direct progenitors of Type-IIP supernovae. These images have been used to infer the physical properties of the exploding stars, yielding some surprising results. In particular, the differences between the observed and predicted mass spectrum has provided a challenge to our view of stellar evolutionary theory. However, turning what is typically a small number of pre-explosion photometric points into the physical quantities of stellar luminosity and mass requires a number of assumptions about the spectral appearance of RSGs, as well as their evolution in the last few years of life. Here I will review what we know about RSGs, with a few recent updates on how they look and how their appearance changes as they approach supernova.
Introduction
For most stars with masses above 8M , red supergiants (RSGs) are the last stop in their evolution before exploding as supernovae (SNe). Long predicted by theory, this is now well-established observationally by analysis of SN progenitor stars from fortuitous preexplosion imaging of a particular class of supernova, type II-P-the most common core-collapse SN [1, 2] . From these pre-explosion data, it is possible to learn something quantitative about the progenitor. Specifically, from the star's brightness just before it explodes, one can estimate its initial mass. Smartt et al. ([2] , hereafter S09) did this for a sample of II-P progenitors, and compared the observed mass distribution to theoretical predictions. These authors found an apparent lack of SNe from stars with initial masses approximately above 17M , a result now known as the 'red supergiant problem'. [12] . The most luminous stars (i.e. the most evolved) all have one or more forms of maser emission, which is a signature of high mass-loss rates. Further, the cluster contains a yellow supergiant, which has a similar luminosity to the most luminous RSGs, suggesting this star has recently evolved away from the RSG branch. Figure adapted from Davies et al. [11] .
Since the result of S09, there have been several suggested explanations for the missing RSG progenitors. These explanations fall into roughly two categories: those which suggest some modification to our understanding of stellar physics, such as mass-loss rate changes [3, 4] or the mass threshold at which black-holes (BHs) form (S09); or systematic effects which in some way cause the progenitor mass to be underestimated, such as errors in the bolometric corrections [5] or in the amount of circumstellar extinction [6, 7] . In this article, I will attempt to bridge the gap between massive star evolution and supernova explosion by summarizing what we know about of the evolution of RSGs, their physical properties and their winds as they approach SN.
Evolutionary status
One fundamental difference between massive stars and low mass stars is that massive stars have convective cores, meaning that the chemical composition in the core is approximately uniform. Therefore, at the end of the main-sequence, the core is almost totally depleted of H. The subsequent collapse of the core and smooth transition to He fusion is accompanied by an associated swelling of the envelope, and the star evolves quickly to the red. As the star approaches the Hayashi limit its size stabilizes, and it has now reached the bottom of what we call the RSG branch. 1 The envelopes of RSGs are highly convective, dredging up the products of main-sequence CNO burning to the stellar surface. This shows up as enhanced surface nitrogen abundances at the expense of carbon [8] [9] [10] .
As the star continues to burn He, its core mass grows and the star steadily increases in luminosity. This can be seen in action in young massive star clusters. Such clusters contain dozens of RSGs, all with roughly the same mass, and so the RSGs in the cluster all follow roughly the same path across the H-R diagram. In clusters like RSGC1, we can see the RSGs span a range of luminosities, with the most luminous (and hence the most evolved) showing signs of enhanced mass-loss and hinting that they may be about to evolve back to the blue [11] ( figure 1) .
Lifetimes of the RSG phase range from 2 Myr for 8 M stars, down to around 0.5 Myr for 25M stars, with little dependence on metallicity or rotation [4] . At the lower mass end, the RSG lifetime is determined by how quickly the core can proceed from He to Si burning, and so is sensitive to the details of stellar structure. At the high mass end, stripping the star of the H-rich envelope will evolve the star back to the blue, and so the lifetime is sensitive to the mass-loss rate. Of course, close binary evolution would do the same job, and so can substantially shorten the RSG lifetime of stars of any initial mass. In fact, for a population of stars in binaries with a distribution of mass ratios and separations, it has been argued that the average RSG lifetime may be a factor of 2-3 shorter [13] .
Temperatures
As mentioned in the previous section, as He burning begins the stars will swell up until they reach the Hayashi limit-the maximum stable radius for a convective star. It is, therefore, worth discussing what this temperature is, what determines it and how theory and observation compare.
(a) Theoretical considerations
Convection is by its nature a three-dimensional (3D) phenomenon. However, all stellar evolution models are, at present, one dimensional (1D). Convection is treated using the mixing-length formalism, whereby all convective cells are said to travel the same distance (the mixing length) before releasing their energy to the surroundings. This mixing length is typically normalized to the stars pressure (or density) scale-height, with this normalized quantity named the mixing length parameter, α. This is a free parameter in stellar models, and as it has no real physical meaning it is impossible to measure it directly. In practice, it is calibrated to the value which gives consistency for the Solar radius, mass and luminosity. In the absence of other constraints, or any justification to do anything more complex, it is then assumed that α is the same for stars of all masses, luminosities, temperatures, compositions and metallicities.
Clearly this assumption about α is a potential weakness. To address this, recent work on 3D radiation hydrodynamical models of convection (in non-supergiants), which do not rely on mixing length formalism, have attempted to infer the appropriate choice of α as a function of stellar parameters [14, 15] . It was shown that α can vary by ±50% for a range of temperatures and gravities. Unfortunately, expanding this work to RSG-like stars is extremely challenging and much more computationally expensive, since in this parameter space the convective cells can be half the size of the star [16] . Therefore, until such a time that we can determine the Hayashi limit of RSGs from first principles, the temperatures of RSGs in evolutionary models should not be considered a prediction-they are quantities that are there to be constrained by observations.
(b) Observations of red supergiant temperatures
This brings us to the issue of observations of RSG temperatures. The measurement of any star's temperature is reliant on model atmospheres to interpret either its spectrum or its angular size, since both are a function of wavelength. The most recent update to the temperature scale of RSGs came in a series of papers by Levesque et al. [17, 18] , where the strengths of the TiO bands in the optical were compared to the predictions of MARCS model atmospheres. The upgrade of planeparallel to spherical model atmospheres, combined with improved molecular line-lists, resulted in the average temperatures moving slightly warmer as a function of spectral type. However, inconsistencies remained, most notably the mismatch between the TiO-based temperatures and those from V-K colours [18] , which suggested that the fits to the optical were failing in the near-infrared.
The issue of the optical-IR discrepancy was studied in detail by Davies et al. [5] , where broad spectral range data were compared with the same MARCS model atmospheres used by Levesque et al. It was found that the fits to the TiO bands in the optical failed badly in the near-IR, overpredicting the flux longward of 1 µm by 50% in some cases. Conversely, fits to the line-free continuum regions performed well at all wavelengths, apart from TiO bands. This resulted in both the temperatures and (circumstellar) extinctions increasing further from the Levesque et al. 
form, and that this discrepancy could be explained at least in part by the 3D effects of convection.
The good news from the results of [5] was that the shift in bolometric correction from the higher temperatures was more-or-less cancelled out by the larger inferred extinctions, meaning that the luminosities of RSGs remained roughly the same. However, there is reason to believe that for the most evolved RSGs (i.e. those closest to SN) there are substantially higher levels of circumstellar extinction, which would cause the luminosities and hence initial masses to be underestimated ( [7] , see next section). This may, at least in part, provide a solution to the issue of the 'missing' high mass II-P progenitors (see below).
Winds and mass-loss rates
It is well established that RSGs lose mass, from direct imaging of their circumstellar nebulae [19] , spectra showing their infrared excess [20, 21] or emission lines from the outflowing gas [22, 23] . Measurements of the mass-loss rates (Ṁ), typically between 10 6 and 10 4 M yr −1 , show that they are substantial enough to potentially alter their evolution. Specifically, an increase on the commonly used mass loss rate prescription for RSGs by a factor of 10 could be enough to evolve the higher mass RSGs back to the blue before exploding. This would change the appearance of the SN explosion, and potentially be another way to explain the lack of high mass RSGs exploding as II-P SNe [3, 4] . With this in mind, it is worth revisiting how mass-loss rates are measured and what the uncertainties and challenges are.
Most of the outflowing material in an RSG's wind (approx. 99.5%) is gas, and most of this in the form of HI and H 2 . Since these are virtually transparent, other tracers must be used to measure the wind density. One method is to measure the mass of the remaining 0.5% of the material-the dust-via the reprocessed light emitted in the mid-IR. This must then be scaled up by a factor of 200 (at Solar metallicity) to obtain the total mass. Since the gas : dust ratio cannot be measured directly, and there is no knowledge of how this ratio depends on factors such as metallicity, wind abundances, temperature, wind velocity structure, etc., this factor could well have systematic errors of approximately 2. Alternatively, one can study the emission from CO, the second most abundant molecule in the gas component of the wind, but this must also be scaled up by another potentially uncertain correction factor (approx. 3000). Further, these lines are faint, and it is only now in the ALMA era that large samples of stars may be studied. The most bullet-proof way to determine the wind density is to measure the obscuration of a binary companion as the primary RSG transits in front of it [24] . However, there are very few systems where this type of observation can be performed, so for studies of large sample sizes the mid-IR excess method must be used.
The origins of the mass-loss rate prescriptions most widely used in evolutionary models come from de Jager [25] . This paper is a compilation of earlier studies of individual nearby RSGs using a variety of techniques, such as analysis of optical low-excitation resonance lines or single-colour mid-IR excesses. It is perhaps surprising that, 30 years later, these prescriptions have not been revised, in contrast with hot star mass-loss rates which have been updated several times in the same period.
Subsequent studies of large samples of RSG mass-loss rates which use the mid-IR excess method have shown broad consistency with the de Jager prescription, though with large scatterat a given luminosity the dispersion in the mass-loss rate may be as large as a factor of 10 [20, 21, 26] . Recall that an increase in mass-loss rates by a similar factor with respect to the de Jager prescription could explain the missing high mass II-P progenitors [3] . Therefore, understanding the origin of this scatter is important if we are to assess whether such an increase in mass-loss rates is feasible.
The cause of the scatter onṀ cannot be uncertainties in the outflow speed v ∞ . This quantity is crucial to determine a mass-loss rate, but cannot be measured from the mid-IR excess alone. Therefore, a sensible value must be adopted and assumed. However, in RSGs where v ∞ has been How the mass-loss rates of RSGs in the star cluster NGC 2100 increase as the stars evolve upwards in luminosity, taken from [7] . Overplotted are various analytic prescriptions ofṀ, including the widely used de Jager [25] . measured, typically from maser line profiles, the observed range of values is more like a factor of 2-well short of the factor of 10 required to explain the dispersion onṀ.
One potential explanation for the high dispersion in mass-loss rates is that the objects in these large studies tend to be field stars, and so therefore will have a range of masses, evolutionary states and perhaps even metallicities. One way to circumvent this is to study stars in clusters. Here, the stars currently in the RSG phase had the same initial chemical composition, were all born at approximately the same time and so have roughly the same mass. Therefore, the RSGs in a star cluster are all following similar paths across the H-R diagram. Studying the evolution ofṀ as stars ascend the RSG branch offer the possibility to not only test the de Jager prescription with most of the variables fixed, but also to study the behaviour ofṀ as the stars approach SN.
The first such study of its kind is presented in [7] , which analyses the mid-IR excess of a sample of 19 RSGs in the cluster NGC 2100. Interestingly, for stars of this mass (approx. 15M ) the de Jager prescription performs very well (figure 2). This suggests two things: firstly, that there is little justification for ramping up the mass-loss rates of RSGs by a factor of 10 to solve the RSG problem, at least at this initial mass. Secondly, since the dispersion with respect to de Jager is so small when the factors of mass and metallicity are fixed, this suggests that the dispersion observed by previous authors is caused by these factors. Therefore, the expansion of similar studies to that in [7] to a range of initial masses and metallicities are desirable if we are to understand the behaviour of RSGs in the years before the explode as SNe.
One other important finding in [7] was the apparent redder colour of the two most luminous stars, i.e. those closest to SN. These authors argued that this was unlikely to be a result of the stars having cooler temperatures. However, it was also clear that the dust causing the mid-IR excess could not also be responsible for this reddening, since the implied visual extinctions were not high enough. Instead, they attributed this reddening to cool dust at large radii, material which would be undetectable in emission at NGC 2100's distance from us. Regardless of the cause of this reddening, it was clear that if one took these stars' V-band magnitudes and applied the same assumptions made by S09 to determine their initial masses, it would result in severe underestimates. In the case of NGC 2100 #1, the inferred mass would be approx. 8M compared to the 14-17M found from isochrone fits to the host cluster. If this late-stage reddening is a common feature of RSG evolution, this could go a long way to solving the RSG problem.
Summary and outlook
At the time of writing, a comprehensive solution to the RSG problem has yet to be fully demonstrated. In terms of the possible systematic errors being the cause, it is unlikely that a reappraisal of the temperature scale at Milky Way metallicities following the method in [5] will solve the problem. The conversion of a progenitor's broad-band flux to a luminosity requires a bolometric correction (BC), which can be empirically derived and so is independent of the temperature scale. However, whether the appropriate choice for the BC has been used thus far (typically taken to be that of an M0 star) remains to be seen.
The results in [7] suggest that RSGs close to SN are redder, one interpretation of which is that the BC is greater than for a typical M0 star. The explanation favoured in [7] was that this redder colour was caused by enhanced circumstellar extinction, which if unaccounted for would cause progenitor masses to be underestimated. In the case of NGC 2100 #1 this was unequivocal-the progenitor mass obtained using the V-band brightness, the standard average BC, and assuming no circumstellar material, was underestimated by almost a factor of 2. It is not yet established whether this extreme end-of-life reddening is a ubiquitous phenomenon, but it is promising as a potential solution to the missing high-mass II-P progenitors.
One interpretation of the 'RSG problem' is that the observed upper mass limit of approximately 17M is the threshold for BH formation, and that stars with masses in excess of this limit collapse directly to BH with little or no explosion. Recent numerical work on the collapse of massive stellar cores has provided some circumstantial support for this explanation, with several authors finding that the 'compactness' of a pre-collapse core makes BH formation more likely in certain stellar mass ranges (e.g. [27] and references therein). The mass-range in which there is a spike in compactness (approx. 22-26M ) does not quite fit with the II-P progenitor mass-range, though it is not clear what is the critical value for this parameter should be to form a BH, or how it may depend on 3D hydrodynamical effects [28] . Obtaining observational evidence to support this hypothesis is laborious work; it involves ploughing through archival imaging of nearby galaxies to look for a bright star which has subsequently disappeared without producing a SN [29] . Promisingly, there have been two recent claims of discoveries of such events, one of which may be a massive RSG [30, 31] .
Finally, there is no reason that both the 'systematic' and 'new physics' explanations cannot coexist. If the upper mass limit for the II-P progenitors must be revised upwards, as seems likely, to preclude RSGs entirely as the direct progenitors of BHs this mass limit would need to increase to approx. 30M and have an error bar of at most a few solar masses. To make this measurement, the steepness of the initial mass function means that the sample size of detected progenitors would need to be many times larger than it is now. If this mass limit were to move up to approximately 25M , then this would still leave room for very high mass RSGs to collapse directly to BHs.
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